The roles of intra-and interspecific gene flow in speciation and species evolution are topics of great current interest in molecular ecology and evolutionary biology. Recent modelling studies call for new empirical data to test hypotheses arising from the recent shift from a 'whole-genome reproductive isolation' view to a 'genic' view of species and speciation. Particularly scarce (and thus of particular interest) are molecular genetic data on recently radiated, naturally hybridizing species in strongly structured and species-rich environments. Here, we studied four sympatric plant species (Pitcairnia spp.; Bromeliaceae) adapted to Neotropical inselbergs (isolated outcrops resembling habitat 'islands' in tropical rainforests) using nuclear and plastid DNA. Patterns of plastid DNA haplotype sharing and nuclear genomic admixture suggest the presence of both, incomplete lineage sorting and interspecific gene flow over extended periods of time. Integrity and cohesion of inselberg species of Pitcairnia are maintained despite introgression and in the face of extremely low within-species migration rates (N e m < 1 migrant per generation). Cross-evaluation of our genetic data against published pollination experiments indicate that species integrity is maintained by the simultaneous action of multiple prezygotic barriers, including flowering phenology, pollinator isolation and divergent mating systems. Postzygotic Bateson-Dobzhansky-Muller incompatibilities appear to contribute to isolation, as suggested by asymmetric introgression rates of single loci. Our results suggest that incomplete lineage sorting, hybridization and introgression form integral aspects of adaptive radiation in Neotropical inselberg 'archipelagos'. Inselbergs with multiple closely related co-occurring species should be of special interest to students of speciation in mountain systems, and to ongoing conservation programmes in the Atlantic Rainforest biodiversity hotspot.
Introduction
The roles of intra-and interspecific gene flow in maintaining species cohesion and integrity are topics of great interest to molecular ecologists and evolutionary biologists (Ehrlich & Raven 1969; Wu 2001; Morjan & Rieseberg 2004; Currat et al. 2008; Petit & Excoffier 2009 ). Mayr's (1942) Biological Species Concept was based on crossability ('whole-genome reproductive isolation') between divergent populations, and thus its helpfulness in understanding these phenomena was limited. More recently, a genic view of species evolution and speciation has reached wide acceptance. In this view, species barriers are porous (i.e. semipermeable to gene flow) (Wu 2001) , and populations within a species evolve collectively owing to a combination of gene flow and selective sweeps at different spatial scales (Morjan & Rieseberg 2004; Kane & Rieseberg 2007) .
The genic view of species evolution has already facilitated tests of long-standing hypotheses in evolutionary biology (Barton & Hewitt 1985) by providing a framework for interpreting locus-to-locus patterns of gene exchange between divergent populations (reviewed by Lexer & Widmer 2008; Arnold & Martin 2010) . Recent empirical and modelling studies also indicate a negative relationship between intra-and interspecific gene flow in many settings: species (or genomic compartments) with high levels of intraspecific gene flow (Currat et al. 2008; Petit & Excoffier 2009 ) are predicted to experience less interspecific gene exchange, because introgressed alleles will lose out against intraspecific variants during drift-based processes ('allele surfing') in colonizing populations (Petit & Excoffier 2009 ). If this is true, then reduced levels of gene flow within species represent a threat to species integrity in the face of hybridization and introgression (Petit & Excoffier 2009 ).
Species assemblages that are products of recent adaptive radiation are highly informative study systems for addressing the evolution of reproductive isolation and for evaluating the roles of drift and selection in maintaining species cohesion (Schluter 2000; Seehausen 2004 ). Of special interest are recently radiated taxa that occur in insular environments, which have long been recognized as natural laboratories for studying evolution (Losos & Ricklef 2009 ). Examples in the literature include cichlid fishes in African lakes (Barluenga et al. 2006) , palm trees in oceanic islands (Savolainen et al. 2006) and endemic bromeliads occurring in terrestrial islands known as inselbergs (Sarthou et al. 2001; Barbará et al. 2007) .
As for species radiations in general, the ensemble of evolutionary forces acting during radiations in islandlike settings is contentious. Radiations in island-like environments may be adaptive or nonadaptive (Schluter 2000; Rundle & Nosil 2005; Rundell & Price 2009 ), may proceed via simple replacement of progenitor taxa (anagenesis) or by more complex sequences of evolutionary splits (cladogenesis) (Stuessy et al. 2006) and may or may not involve drift and founder effects during island colonization. Disentangling the deterministic and stochastic forces operating during island radiations thus represents a formidable challenge (Schluter 2000; Jorgensen & Olesen 2001; Rundell & Price 2009) . One prominent recent hypothesis on the molecular ecology of adaptive radiations refers to the role of interspecific gene exchange: hybridization and introgression in isolated populations may effectively 'fuel' adaptive radiation by providing the standing genetic variation required for ecological speciation (Seehausen 2004) . Recent genetic data on Darwin's finches on the Galápa-gos archipelago are indeed consistent with this prediction (Grant & Grant 2010) . Assessing the role of hybridization during radiations also requires careful consideration of alternative explanations for allele sharing, such as homoplasy and shared ancestral polymorphism (incomplete lineage sorting; Martinsen et al. 2001) .
With regard to shared ancestral polymorphism, recently radiated taxa often display similar genomes. This is the case because the process of speciation starts with only few differentially adapted loci, whereas much of the genome becomes differentiated only during later stages of divergence (Wu 2001; Via & West 2008; Nosil et al. 2009 ). Thus, descendant lineages are expected to share genetic polymorphism for some time (incomplete lineage sorting). Consequently, shared alleles in recently radiated taxa may be attributed to both, shared ancestral polymorphism and recurrent gene exchange between divergent populations, and distinguishing between these mechanisms is not a trivial task (Muir & Schlotterer 2005; Lexer et al. 2006) . Knowing the genomic distribution of weakly differentiated chromosome segments would help, as pronounced block structure is expected under recurrent gene flow . In the absence of genomic data, the geographical distribution of allele sharing may be used to address this issue. This is the case because the genetic signature of hybridization is expected to exhibit a strong local component (Olsen 2002; Petit et al. 2002; Palmé et al. 2004; Heuertz et al. 2006; : Hathaway et al. 2009; McKinnon et al. 2010; Pinheiro et al. 2010 ; among others). Direct evidence for or against hybridization among closely related species may also be won from crossing experiments, as demonstrated for the inselberg radiation that is at the centre of attention of the present study (Wendt et al. 2001 (Wendt et al. , 2002 Rô ças et al. 2004) .
Inselbergs are isolated rock outcrops that rise abruptly from the surrounding forest matrix (Porembski 2007) . Inselbergs, and Neotropical inselbergs in particular, are considered terrestrial habitat islands because of their strong spatial and ecological isolation, which provides a barrier against dispersal and migration. Inselbergs form centres of high diversity and endemism because of their considerable age (millions of years) and ecological peculiarity (Porembski 2007) ; steep gradients in climatic and edaphic factors separate these rock outcrops from the surrounding forest, and these factors help to explain their highly specialized flora (Meirelles et al. 1999) .
Bromeliad species adapted to Neotropical inselbergs have recently attracted the interest of molecular ecologists and evolutionary biologists, because they represent extreme cases for understanding species cohesion and speciation in isolated environments (Alcantarea -southeastern Brazil: Barbará et al. 2007 Barbará et al. , 2008 Barbará et al. , 2009 Pitcairnia -French Guiana: Sarthou et al. 2001 and BoisselierDubayle et al. 2010) . These studies revealed extremely high population differentiation and the absence of isolation by distance among inselbergs, thus indicating that these rock outcrops may resemble oceanic islands as arenas for evolutionary studies. In particular, their insular nature facilitates their use as extreme cases for testing the interplay of intra-and interspecific gene flow during plant speciation and radiation.
In the present study, we aim to address the interplay of microevolutionary forces operating within these radiating Neotropical inselberg species. In particular, we tackle the following questions regarding the mechanisms facilitating species cohesion and reproductive isolation in this group: (i) What do multi-species plastid DNA genealogies tell us about the presence or absence of interspecific gene flow (introgression) during inselberg radiations over extended periods of time? (ii) What are the potential roles of gene flow and selection in maintaining species cohesion in these strongly structured inselberg environments? (iii) What do patterns of genomic diversity and admixture tell us about the role of prezygotic vs. postzygotic barriers during speciation processes in inselberg bromeliads? We test hypotheses raised by recent crossing experiments (Wendt et al. 2001 (Wendt et al. , 2002 and population genetic studies (Sarthou et al. 2001; Barbará et al. 2007; Boisselier-Dubayle et al. 2010) of inselberg taxa, which suggest a view of inselbergs as 'terrestrial islands' harbouring multiple sympatric species maintained by strong but permeable reproductive barriers.
Material and methods

Biological samples and DNA extraction
We studied populations of four morphologically distinct Pitcairnia (Bromeliaceae) species, exclusively saxicolous (rock-dwelling) and endemic to gneissic-granitic rock outcrops in southeastern Brazil: P. albiflos, P. staminea, P. corcovadensis and P. flammea. The first two species are endemic to outcrops in the cities of Rio de Janeiro and Niteró i; P. corcovadensis is endemic to the inselbergs of Rio de Janeiro city and its surroundings, whereas P. flammea has a somewhat larger distribution range in southern and southeastern Brazil. All four species are self-compatible but their mating systems are divergent, ranging from predominantly outcrossing in P. albiflos (pollinator dependent) to highly selfing in P. corcovadensis and P. staminea (Wendt et al. 2001 (Wendt et al. , 2002 . The species exhibit divergent pollination syndromes (Wendt et al. 2001 (Wendt et al. , 2002 : the diurnal taxa P. staminea, P. flammea and P. corcovadensis have red, scentless flowers, whereas the nocturnal species P. albiflos has white, scented flowers. Nectar is produced by all species except P. corcovadensis. Hummingbirds and halictid bees frequently visit P. flammea but only rarely visit P. corcovadensis, whereas P. staminea is mainly visited by halictid and trigonid bees and butterflies. The predominant nocturnal visitors of P. albiflos are bats and hawk moths (Wendt et al. 2001 (Wendt et al. , 2002 . Although these differences in pollination syndromes suggest that prezygotic, ecological isolation between species is strong, hybrid swarms frequently form where these species co-occur (Wendt et al. 2001) . For example, morphologically intermediate individuals were found in sympatric populations of P. albiflos and P. staminea (Wendt et al. 2000 (Wendt et al. , 2001 , and synthetic hybrids were obtained in crossing experiments involving these four taxa (Wendt et al. 2001 (Wendt et al. , 2002 Rô ças et al. 2004) . Despite these reports of natural and experimental hybridization, the magnitude and direction of gene exchange in natural populations have never been demonstrated with molecular genetic markers.
Samples of inselberg species of Pitcairnia (P. albiflos, P. staminea, P. corcovadensis and P. flammea, 368 samples in total) were collected on eight granitic inselbergs located in the Atlantic Rainforest in southeastern Brazil, where these four species co-occur (Table 1; Fig. 1 ). For the narrow endemics P. albiflos and P. staminea, the sampled populations represent the entire geographical range of each species. Individuals were collected randomly on each inselberg rock outcrop. Geographical distances between the sampled inselbergs ranged from 2 km (ITA -ANDO) to 30 km (NHA-ITA). The altitude of the sampled populations ranged from 18 to 600 m above sea level. For each plant, leaves were collected and stored in silica gel. Total genomic DNA was extracted following Doyle & Doyle (1990) .
Identification of plastid DNA markers
To facilitate the analysis of maternally inherited DNA lineages across multiple closely related species, six plastid microsatellite markers (plastid SSR, simple sequence repeats) were developed for semi-automated genotyping using fluorescently labelled primers (FAM, NED, VIC, PET -Applied Biosystems), following the protocols of Palma-Silva et al. (2009) . One of these markers has previously been described for other bromeliad species (Locus VgCP4; Palma-Silva et al. 2009 ; Table S1 , Supporting information). The remaining five plastid SSR were isolated de novo from P. albiflos and P. staminea plastid DNA sequences. Primer pairs were designed by sequencing noncoding regions using the universal primers described by Taberlet et al. (1991) , Demesure et al. (1995) , Sang et al. (1997) , Small et al. (1998) and Shaw et al. (2007) . Amplification, sequencing, primer design and the screening of polymorphisms were carried out following Pinheiro et al. (2009) . The characteristics and sequences of the primers designed for each plastid SSR marker are reported in Table S1 (Supporting information).
Nuclear microsatellite markers
To study the patterns of genomic diversity and admixture in these inselberg species, 15 nuclear microsatellite loci (nuclear SSR) isolated from P. albiflos (Paggi et al. 2008) and other bromeliads (Boneh et al. 2003; Sarthou et al. 2003; Palma-Silva et al. 2007) were genotyped in the studied populations. Genotyping reactions made use of fluorescently labelled primers (6-FAM or JOE) and protocols described by Palma-Silva et al. (2007) . Both nuclear and plastid SSR alleles were resolved on an ABI PRISM 3100 DNA Analyzer (Applied Biosystems). Molecular sizes in base pairs were precisely sized against ROX (500) molecular size standard (Applied Biosystems) using GENEMAPPER v4.1 software (Applied Biosystems).
Data analysis
Analyses of plastid DNA lineages. In each individual, genetic variants at all plastid SSR sites were combined into haplotypes. Then, each population was characterized for its plastid DNA diversity using the number of haplotypes detected and gene diversity estimated using the program CONTRIB (Petit et al. 1998) .
A median-joining haplotype NETWORK (Bandelt et al. 1999) was constructed based on the plastid DNA haplotypes using the program NETWORK 4.5.1.6 (http: ⁄ ⁄ www.fluxus-engineering.com) following the procedures described by Lexer et al. (2005) . In addition, analysis of molecular variance (AMOVA) in ARLEQUIN 3.11 (Excoffier et al. 2005 ) was used to assess patterns of plastid DNA differentiation in hierarchical models, including either species or geographical region as the highest level in the hierarchy, and significance of each model was tested using 10 000 permutations. The single population of P. corcovadensis was not included in the hierarchical AMOVA to avoid 'species' groups with a single population.
Analysis of nuclear DNA microsatellites
Nuclear DNA diversity. The extent of interspecific gene flow in Pitcairnia species was addressed by using nuclear markers focusing exclusively on populations of P. albiflos and P. staminea (in which putative hybrids were characterized morphologically by Wendt et al. 2000 Wendt et al. , 2001 . Thus, allopatric and sympatric populations of P. albiflos and P. staminea were characterized for their genetic diversity by calculating allelic richness (El Mousadik & Petit 1996) , the variance in allele size, observed and expected heterozygosity, using the software FSTAT 1.2 (Goudet 1995) . Departures from HardyWeinberg equilibrium (HWE) were tested with GENEPOP 3.5 (Raymond & Rousset 1995) . GIMLET software (Valière 2002 ) was employed to detect and remove multi-ramet genets ('clones') in both species and their hybrids. In addition, all nuclear SSR loci were characterized for standardized differentiation measure G' ST (Hedrick 2005 ) to check the extent to which interlocus differences in heterozygosity affected estimates of F ST . The relationship between G' ST and F ST was explored using Spearman's rank correlation in SPSS.
As for plastid DNA, AMOVA in ARLEQUIN 3.11 (Excoffier et al. 2005 ) was used to test for nuclear genomic differentiation in hierarchical models including both species and geographical region as highest level in the hierarchy (inland vs. coastal, as revealed by plastid DNA). In addition, AMOVA was used to calculate intraspecific genetic structuring of the nuclear DNA and plastid DNA data in each species. Isolation by distance (Wright 1965) in Pitcairnia inselberg species was tested by calculating the correlation between geographical and genetic distance matrices with a standardized Mantel test (Sokal & Rohlf 1995) , using 10 000 randomizations to determine significance.
Nuclear migration rates. Effective population sizes (N e ) and pairwise migration rates (N e m) were estimated following a coalescent theory and maximum-likelihoodbased approach using MIGRATE 3.0.3 (Beerli & Felsenstein 1999) as described by Barbará et al. (2007) . The computations were carried out under both the infinite allele model (IAM) and the stepwise mutation model (SMM), and mutation rates (l) among loci were estimated from data. In addition, bidirectional single-locus migration rates (N e m) between P. albiflos and P. staminea were estimated for PAO population, the hybrid zone with the greatest sampling effort. Our rationale was to test for asymmetric introgression of single loci, which can point to negative interactions among nuclear loci as a mechanism maintaining reproductive isolation (Coyne & Orr 2004 ).
Patterns of genomic admixture. STRUCTURE 2.3.2 (Pritchard et al. 2000) was used to assign individuals to genetic clusters (K) and to identify hybrids between P. albiflos and P. staminea. The analyses were carried out under the admixture model assuming independent allele frequencies and using a burn-in period of 50 000, run lengths of 100 000 and 10 replicates per K ranging from 1 to 10. The method of Evanno et al. (2005) was employed to determine the most likely number of clusters (K) present in the data, based upon the ad hoc measure DK that evaluates the second-order rate of change of the likelihood function with respect to K. In addition, the clustering method of Anderson & Thompson (2002) implemented in NEWHYBRIDS version 1.1 was used to test assignments of individuals to different genotypic classes (pure parental species 1 or 2, F1's, F2's and backcrosses). Following the procedure described by Burgarella et al. (2009) , STRUCTURE was first employed to classify individuals using a threshold of Q = 0.90, then NEWHYBRIDS was used to assign plants to different hybrid classes using a threshold value of Q = 0.75.
Cytonuclear disequilibrium. To explore patterns and consequences of interspecific gene flow in Pitcairnia inselberg species more deeply, departures from random cytonuclear associations (Arnold 1993) were tested using the CNDm program (Basten & Asmussen 1997) . The analyses were carried out by encoding nuclear markers in the form of synthetic alleles (S, alleles typical of P. staminea; A, alleles typical of P. albiflos) and by encoding plastid DNA alleles as synthetic haplotypes (Hs, haplotypes typical of P. staminea; Ha, haplotypes typical of P. albiflos). Only the eight most species-informative nuclear loci were used in this analysis. Normalized cytonuclear disequilibria (CND) were calculated following Asmussen & Basten (1994) for allelic and genotypic associations, and significance levels were tested using Fisher's exact test.
Significantly positive and negative values of CND indicate positive and negative associations between nuclear and cytoplasmic genomes, respectively. Significant disequilibria involving heterozygous nuclear loci (AS) -represented by D 2 (AS ⁄ Hs) -point to nonrandom mating in hybrid zones and unidirectional hybridization, whereas significant disequilibria involving homozygous genotypes D 1 and D 3 (involving nuclear genotypes SS and AA, respectively) point to barriers to introgression, effectively maintaining species integrity in the face of gene flow (Asmussen et al. 1989; Latta et al. 2001) .
Results
Multi-species plastid DNA genealogies
The characterization of six plastid SSR loci in 13 populations of four Pitcairnia species yielded from two to six alleles per locus (Table S1 , Supporting information), resulting in a total of 25 haplotypes (Table 2; Fig. 1 ; note that hybrids in sympatric populations of P. albiflos and P. staminea were inferred from nuclear SSR and STRUCTURE analysis). The distribution of the haplotypes revealed surprising patterns of haplotype sharing: seven recurrent (nonsingleton) haplotypes were shared among species: H3, H14 and H15 between P. albiflos and P. staminea, H12 and H20 between P. flammea and P. corcovadensis, H10 among P. staminea, P. flammea and P. corcovadensis, and H11 among P. albiflos, P. flammea and P. corcovadensis (Table 2, Fig. 1 ). In contrast, only a single haplotype was shared between the two geographical areas sampled, namely coastal and inland inselbergs (Table 2) . Accordingly, a highly significant proportion of the molecular variance (11%; p < 0.001) 
in the plastid DNA data resided among geographical regions, whereas none resided among species (Table 3) . Median-joining analysis revealed a multi-species haplotype network with two major haplogroups: one group containing primarily haplotypes typical of the inland inselbergs (populations NHA, COR and GRU; see Table 1 for species and population codes) and the other containing mainly haplotypes typical of the coastal inselbergs (populations ITA, ANDO, IMB, PAO, CHA) (Fig. 2) . The extensive haplotype sharing among species indicates interspecific gene flow, homoplasy or retention of ancestral polymorphism predating the divergence of the species. Phylogenetic relationships of haplotypes revealed close genetic affinity among haplotypes belonging to the same or close inselbergs (Fig. 2a) , regardless of the species of origin (Fig. 2b) .
Nuclear microsatellite diversity
All 15 nuclear SSR analysed were polymorphic with up to 24 alleles segregating in each species and with observed (H O ) and expected (H E ) heterozygosities of up to 0.88 and 0.92, respectively (Table S2 , Supporting information). Few loci displayed significant departures Table 1 .
from HWE in P. albiflos and in hybrids (five and six loci, respectively; Table S2 , Supporting information). In contrast, almost all markers (12 loci) departed from HWE in P. staminea, consistent with the predominantly selfing mating system of this species. Most loci displayed high numbers of unique alleles or striking shifts in allelic frequencies, with 53 private alleles (out of 116 alleles) in P. albiflos and 56 private alleles (out of 136 alleles) in P. staminea. With regard to diversity at the population level, the number of multi-ramet genets ('clones') detected in the studied populations was low, ranging from zero to three per population (Table 4) , pointing to the importance of sexual reproduction (seed recruitment) in population persistence. Population-level inbreeding coefficients (F IS ) were higher, and significant heterozygote deficits were more prevalent in P. staminea than in P. albiflos (F IS = 0.24 and 0.11, respectively; Table 4), consistent with the per-locus results.
Patterns of nuclear divergence and gene flow
Strong nuclear genomic differentiation was detected between P. albiflos and P. staminea (22% in AMOVA, P < 0.001; Table S3 , Supporting information; and G' ST between species of 0.65, P < 0.001), in contrast to the extensive sharing of plastid DNA haplotypes across species boundaries. The genetic divergence parameters G' ST and F ST were correlated across loci (Spearman's r = 0.88, P < 0.001), thus indicating that F ST was little affected by interlocus differences in heterozygosity. The separate AMOVA model for each species and genome revealed that genetic differentiation within species was higher for plastid DNA than for nuclear DNA in both P. albiflos (nuclear DNA = 34%, plastid DNA = 57%; both P < 0.001) and P. staminea (27% and 74%; both P < 0.001). Genetic and geographical distances between populations were not significantly correlated in either species, indicating the absence of isolation by distance in these inselberg Pitcairnia species (Fig. 3) . Graphical inspection revealed the likely cause: genetic divergence between most populations was great even at short geographical distances, with genetic divergence for intraspecific comparisons approaching that for interspecific ones (Fig. 3) .
Maximum-likelihood-based estimates of migration rates (N e m) for sympatric populations of P. albiflos and P. staminea (PAO and CHA, the two 'hybrid zone' localities) were extremely low (Fig. 4) , indicating restricted gene flow between inselberg populations and species. In fact, intraspecific N e m estimates were <1 N e m, often regarded as the minimum required for species cohesion (Table S4 (Supporting information) for most pairwise comparisons).
Interspecific migration rates were asymmetric towards P. albiflos, with higher N e m values from P. staminea to P. albiflos (Fig. 4) . Single-locus estimates of gene flow, obtained for the larger of the two hybrid Departures of within-population inbreeding coefficients (F IS ) from Hardy-Weinberg equilibrium (HWE) are indicated by asterisks. **P < 0.01; ***P < 0.001. zones (PAO), revealed two loci (Pit5 and Pit8) with particularly high and asymmetrical N e m from P. staminea towards P. albiflos, and two additional loci with zero gene flow in the opposite direction (PaC05, Pad07; Table S5 , Supporting information). Table 5 ). Further analysis carried out with NEWHYBRIDS indicated that recombinant hybrid classes (F2s and backcrosses) were more frequent than F1s (Fig. S2 , Supporting information). At a threshold of Q = 0.75, NEWHYBRIDS detected six F1s, 12 F2s and two backcrosses towards P. albiflos (Table 5) , whereas no backcrosses towards P. staminea were observed.
Patterns of genomic admixture
Tests for cytonuclear associations
Interspecific hybrids carried haplotypes from both parental species: haplotypes typical of P. staminea (e.g. H3 and H14) and haplotypes typical of P. albiflos (e.g. H5 and H16) (Fig. 2b , Table 5 ). This indicates that hybridization occurs in both directions (with both species acting as male and female parents). Accordingly, tests for cytonuclear interactions in hybrids were nonsignificant (Table 6 ; coefficient D 2 involving nuclear genotypes AS and plastid DNA haplotypes Hs). In contrast, extensive CND were detected for homozygous nuclear genotypes (D 1 and D 3 ; Table 6 ). In agreement with the nuclear DNA results, plastid DNA introgression was asymmetric towards P. albiflos, with no evidence of plastid DNA introgression occurring into pure individuals of P. staminea (Figs 1 and 2b ; Table 2 and 5). The most common haplotypes of P. staminea (H3 and H14) were detected in pure P. albiflos and in hybrids of all genotypic classes (F1, F2, and backcrosses; Table 5 ), again pointing to a porous but strongly asymmetric species barrier.
Discussion
Persistent interspecific gene flow during adaptive radiation of Pitcairnia spp. on Neotropical inselbergs
Recent modelling and review studies on the interplay of intra-and interspecific gene flow in evolution (e.g. 
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Open circles = inter species Fig. 3 Relationship between genetic divergence, based on F ST for nuclear microsatellites, and geographical distances in kilometres among populations of four Pitcairnia species (Mantel test correlation: r = 0.109; P = 0.061). Filled circles: within-species comparisons; open circles: between-species comparisons. Fig. 4 Bidirectional migration rates (effective number of migrants, N e m) between two sympatric inselberg populations of Pitcairnia albiflos and P. staminea. For population abbreviations, see Table 1. Excoffier 2009) call for more empirical studies of this topic, including extreme spatial settings and species-rich environments, as is the case for Neotropical inselbergs (Porembski & Barthlott 2000) . One outstanding pattern detected in our study was the extensive plastid DNA haplotype sharing among multiple sympatric inselberg species, indicating both interspecific gene flow (introgression) and shared ancestral polymorphism (incomplete lineage sorting) persisting over extended periods of time (Figs 1 and 2 ; Tables 2, 3, and 5). Also remarkable was the strong geographical structuring of plastid DNA haplotype sharing at small spatial scales (even at distances <11 km), with little to no plastid DNA differentiation among species but strong differentiation among inselbergs or narrowly defined geographical regions (coastal vs. inland; Figs 1 and 2; Table 2 and 3). This is in line with the expectation of island-like patterns of diversification in inselberg taxa (strong isolation among isolated inselbergs coupled with increased opportunity for species interactions within inselbergs; Porembski & Barthlott 2000; Sarthou et al. 2001; Barbará et al. 2007; Boisselier-Dubayle et al. 2010) . Our data support the idea that intraspecific gene flow among inselbergs is unusually low (Sarthou et al. 2001; Barbará et al. 2007; Boisselier-Dubayle et al. 2010) and that populations of closely related inselberg species have frequently been maintained in sympatry (=in the face of gene flow) confined to narrow habitat islands. Haplotype sharing can potentially be explained by different processes: local gene flow (recent introgressive hybridization), the retention of ancestral polymorphism (incomplete lineage sorting), homoplasy (evolutionary convergence) or a combination of these. The positioning of haplotypes within the network (Fig. 2) and spatial patterns of haplotype sharing (Figs 1 and 2: Table 2 ) are highly informative in distinguishing between these scenarios. The fact that shared haplotypes are both central (H3, H14, H10) and peripheral (H11, H12, H15, H20) in the plastid DNA haplotype network (Fig. 2) , present at both high (H3, H14, H10, H11) and low frequencies (H12, H15, H20), supports the hypothesis that many of the shared haplotypes are because of introgression, i.e. ancestral polymorphism is not the only cause for haplotype sharing. The strong spatial pattern of haplotype sharing among inselbergs and regions ( Fig. 1 ; coastal vs. inland) is also in line with locally restricted introgression rather than homoplasy or ancestral polymorphism. Finally, experimental cross-pollination studies also indicate that hybridization in these taxa occurs easily (Wendt et al. 2001 (Wendt et al. , 2002 Rô ças et al. 2004) . It would thus appear that interspecific hybridization and introgression in inselberg taxa of Pitcairnia are more widespread than previously believed (Wendt et al. 2002) . (Figs 1 and 2) , indicating a great potential for interspecific gene flow to contribute to the spatial dynamics of diversity in Neotropical inselberg taxa. Ancestral polymorphism may contribute to haplotype sharing in these taxa, but it cannot explain its strong spatial component (Fig. 1) and is even less likely to explain patterns of allele sharing at rapidly evolving nuclear microsatellites (below). Quantifying the contribution of ancestral polymorphism to patterns of DNA sharing in these inselberg taxa will require a robust species-level molecular phylogeny of the genus (350 species), which is not currently available. A phylogenetic approach is crucial for understanding diversification in island-like environments (and elsewhere) (Givnish & Sytsma 1997 , Givnish et al. 2007 . A species-level phylogeny would facilitate tests of the mode and tempo of speciation and the prevalence of geographical vs. ecological speciation trajectories (Barraclough & Nee 2001) . Time-calibrated, saturated phylogenies (e.g. Savolainen et al. 2006) would also reveal the age of species splits during the radiation of Pitcairnia spp., which would provide us with estimates of the time these species may have been in contact on inselbergs. Of course, correct dating would require the identification of phylogenetic markers that are little affected by interspecific gene exchange (Wu 2001 ), which appears feasible with the use of comparative genomics and bioinformatics tools now available (Duarte et al. 2010 ).
Introgression of different genomic compartments
Our comparative analysis of plastid DNA and nuclear genetic data indicate that the plastid genome is more prone to introgression than the nuclear genome, as observed in other groups of plants. In our case, the differential introgression of genomes appears to be a direct consequence of differences in levels of gene flow characteristic of plastid DNA and nuclear DNA (Petit & Excoffier 2009 ). The use of nuclear markers allowed us to assess the prevalence of gene flow via pollen vs. seeds in both species. Plastid DNA showed stronger genetic structure (P. albiflos: h = 0.56, P. staminea: h = 0.74,) than nuclear DNA markers (h = 0.26 and 0.34, respectively). This implies that in Pitcairnia species, the dispersal of seeds (which carry the maternally inherited plastid genome) is expected to be restricted, as has recently been shown for other bromeliads (Barbará et al. 2008; Palma-Silva et al. 2009; Paggi et al. 2010) . So female propagules (seeds) represent the sex with poorer dispersibility, and this may explain the higher levels of introgression observed for maternally inherited plastid DNA (Currat et al. 2008; Du et al. 2009; Petit & Excoffier 2009) . One important implication of this finding is that phylogenetic studies of species diversification in Pitcairnia spp. should make use of single or low copy nuclear loci instead of plastid markers, which may be true for the entire Bromeliaceae family. Very large sets of informative single ⁄ low copy nuclear genes for this purpose are rapidly becoming available from bioinformatics comparisons of sequenced plant genomes (Duarte et al. 2010) .
The role of gene flow in species cohesion
Our study of four sympatric species adapted to inselberg habitat islands indicates that the level of intraspecific neutral gene exchange is too low to hold populations of these species together ( Fig. 4 ; <1 N e m per generation) and interspecific gene flow surprisingly common. This pattern is remarkably similar to patterns of intra-and interspecific gene flow seen in Geospiza finches from the Galápagos islands (Grant & Grant 2010) . In fact, estimates of nuclear genetic divergence (F ST ) among populations of the same bromeliad species are so great that they fit almost perfectly into the larger distribution including all interspecific divergence estimates ( Fig. 3 ; isolation by distance relationship not significant). This indicates that other forces (other than within-species gene flow) are operating to maintain species cohesion (Rieseberg & Burke 2001; Morjan & Rieseberg 2004) . Similarly, low levels of intraspecific gene flow as reported for Brazilian Pitcairnia inselberg species here (N e m = 0.15-0.35; Fig. 4 ) have also been reported for other bromeliads adapted to similar islandlike environments: Pitcairnia geyskesii (N e m = 0.2; Sarthou et al. 2001; Boisselier-Dubayle et al. 2010) and Alcantarea species (N e m from 0.45 to 0.75; Barbará et al. 2007) . These findings challenge the idea that species are cohesive entities held together primarily by gene flow (Mayr 1942) and indicate that natural selection, i.e. the spread of advantageous alleles, contributes to species cohesion in strongly structured inselberg environments (Morjan & Rieseberg 2004; Barbará et al. 2007) . Of course, a minimum level of gene exchange will be required for the spread of advantageous alleles, coupled with selection coefficients of sufficient magnitude (s > 0.05; Slatkin 1976). Thus, gene flow at particular loci appears to be crucial for maintaining species cohesion, even if overall rates of neutral gene exchange are low.
Strong but permeable reproductive barriers
So far, we have discussed genetic interactions among sympatric Pitcairnia inselberg species primarily in terms of neutral processes (Currat et al. 2008; Petit & Excoffier 2009 ), but understanding patterns of interspecific gene flow also requires the explicit consideration of reproductive barriers (Barton & Hewitt 1985; Pialek & Barton 1997; Coyne & Orr 2004) . Our data on nuclear admixture revealed pronounced genomic cohesion of the studied species pair, P. albiflos and P. staminea (Figs 5 and 2S), indicating a strong 'genomic filter' sensu Martinsen et al. (2001) , despite a long history of gene exchange as indicated by plastid DNA. Thus, multiple pre-and postzygotic barriers appear to contribute to reproductive isolation between these species, as previously shown for other groups of plants (Widmer et al. 2009 ). Nevertheless, these reproductive barriers are permeable and introgression is possible at least in one direction (towards P. albiflos; Figs 5 and 2S). Whether introgression among these species is more likely to be neutral or adaptive remains to be clarified. It should be noted, however, that this distinction is artificial, because introgressed alleles that are initially neutral may become adaptive in certain environments and genetic backgrounds ('adaptation from standing variation'; Barrett & Schluter 2008 ).
Maintenance of sympatric Pitcairnia inselberg species: pre-or postzygotic barriers?
Bromeliads represent a textbook example for adaptive radiation (Benzing 2000) , and this implies an important role for ecological isolating barriers in speciation (Schluter 2000) . In animal-pollinated plants such as bromeliads, such ecological barriers are often prezygotic (Widmer et al. 2009) , and the divergent floral traits, flowering times and mating systems in these Pitcairnia species (see Introduction) are consistent with this pattern. Nevertheless, populations of inselberg-adapted bromeliads also experience extreme geographical isolation (Sarthou et al. 2001; Barbará et al. 2007; BoisselierDubayle et al. 2010;  this study), which should facilitate the accumulation of postzygotic incompatibilities (Coyne & Orr 2004) ; note that in plants, postzygotic barriers sometimes evolve rapidly, as indicated by the frequent polymorphism of postzygotic isolation factors within species (Scopece et al. 2010) . Indeed, a recent study of 42 sympatric bromeliad species suggested that prezygotic isolation is weak (Wendt et al. 2008) , suggesting an important role for postzygotic factors in species isolation. Nevertheless, that study did not include representatives of Pitcairnioideae, the subfamily studied here, leaving the question of the nature of reproductive barriers maintaining these sympatric bromeliads open. Our molecular genetic data allow us to address this issue.
In the larger (=more informative) of the Pitcairnia hybrid zones studied with nuclear markers (Pão de Açucar; Fig. 2S ), F1 hybrids were rare compared to F2s and backcrosses to P. albiflos (BCPa). Note that the NE-WHYBRIDS classification of hybrid classes used in Table 5 is very stringent - Fig. 2S provides a more complete account of the relative probabilities of different recombinant hybrid classes. The results are consistent with recent cross-pollination experiments in these species and hybrids (Wendt et al. 2001 (Wendt et al. , 2002 . These experiments indicated that traits associated with assortative mating such as flowering time, pollinator specificity, and mating systems result in prezygotic isolation in these species. Although P. albiflos and P. staminea show some overlaps in their flowering times, hybrids clearly start to flower first and have a longer flowering period, followed by P. albiflos and only then by P. staminea, the species with the shortest flowering period (Wendt et al. 2001) . The 'transgressive' tendency of hybrids to flower earlier than their parental species may explain why there are more F2's than backcrosses, and asymmetrical introgression towards P. albiflos may be explained by the greater overlap in flowering times (Figs 5 and 2S) .
Pollinator isolation is also likely to play a role in prezygotic isolation of these species, judging by the differences in flower colour and the presence of diurnal pollination in one species and nocturnal pollination in the other (Wendt et al. 2001) . Furthermore, the two species differ greatly in their mating systems (selfing ⁄ outcrossing rates): although both are self-compatible, only P. staminea can self-pollinate spontaneously (Wendt et al. 2001) . Accordingly, our genetic data revealed consistently positive inbreeding coefficients (F IS ) for P. staminea (Table 4) . So we would expect that P. staminea is more strongly protected from interspecific introgression than its outcrossing, closely related congener P. albiflos, which is exactly the pattern recovered by the present study (Figs 5 and 2S) .
Divergent mating systems are known to contribute to strong reproductive barriers in plants (Sweigart & Willis 2003; Abbott & Lowe 2004; Fishman & Stratton 2004; Brandvain & Haig 2005; Martin & Willis 2007) . Phenotypic changes associated with shifts in mating systems can also influence the degree of reproductive isolation between selfers and their outcrossing relatives (Levin 1971; Sweigart & Willis 2003) . This is the case because the floral traits that are typical of selfers (reduction or absence of nectar production and flower scent) tend to diminish pollinator visitation and, therefore, cross-pollination (Sweigart & Willis 2003) . Clearly, our genetic data are compatible with any of these premating barriers: phenology, pollinator isolation and divergent mating systems, and in fact all three may act in combination.
Our data are also informative regarding the potential role of postzygotic barriers between these two sympatric species. Postzygotic barriers may be exogenous (hybrids fall between the habitats of the parental species) or intrinsic, i.e. incompatibilities because of cytonuclear or purely nuclear (Bateson-Dobzhansky-Muller or BDM) interactions (Orr 1996; Tiffin et al. 2001; Coyne & Orr 2004; Turelli & Moyle 2007) . We have little evidence for purely exogenous postzygotic factors (these species and hybrids grow intermingled on the same rocks). Based on our data, cytonuclear interactions do not appear to play an important role either, because cytoplasmic DNA of both species is found in hybrids, and CNDs involving heterozygous genotypes are not significant (Table 6 ). Thus, the significant CNDs involving homozygotes (Table 6: coefficients D 1 and D 3 ) indicate the action of other (presumably prezygotic) isolating mechanisms, rather than cytonuclear incompatibilities per se (Asmussen et al. 1989) . The fact that these significant coefficients are of the same sign and of similar magnitude across all loci also indicates that CNDs arose by migration and assortative mating, rather than by selection for particular cytonuclear combinations.
Weak support for nuclear (BDM) incompatibilities stems from estimates of bidirectional migration rates for nuclear microsatellites (Table S5 , Supporting information). Two loci show strongly asymmetrical migration (>1 migrant per generation towards P. albiflos and zero migration towards P. staminea; Table S5 , Supporting information), suggestive of linkage to loci involved in BDM incompatibilities (Table S5 , Supporting information). Asymmetries in reproductive isolation are expected under the BDM model because of stochastic differences in the accumulation of these incompatibilities (Coyne & Orr 2004; Turelli & Moyle 2007; Scascitelli et al. 2010) . Similar indications for BDM incompatibilities were recently revealed by asymmetrical migration rates in Helianthus annuus · H. debilis hybrid zones (Scascitelli et al. 2010) . The detection of potential BDM interactions is consistent with the observation of reduced germination rates in artificial crosses between these species (Wendt et al. 2001) .
Conclusions and conservation implications
In summary, multiple prezygotic barriers (phenology, pollinator isolation and divergent mating systems) are responsible for genomic cohesion in Pitcairnia inselberg species, resulting in a highly selective 'genomic filter', and postzygotic (BDM) incompatibilities may contribute to species barriers in this group. The presence of multiple barriers and their interactions have allowed these species to persist in sympatry for extended periods of time. Despite the presence of this 'filter', the gene pools of these species have been affected by hybridization and introgression over long timescales, as indicated by both nuclear and plastid DNA. Thus, interspecific gene exchange is an integral aspect of this inselberg radiation, rather than a product of recent disturbance. The strong 'filter' for nuclear alleles suggests that there is no great danger of genetic assimilation, at least in P. staminea and P. albiflos. Rather, hybridization will contribute to bromeliad biodiversity by enriching local gene pools on inselbergs in the face of extremely low intraspecific gene flow. Consequently, inselbergs with multiple sympatric bromeliads deserve special attention by both biologists interested in plant speciation in mountain systems and agencies involved with the implementation of conservation programmes in the Brazilian Atlantic Forest.
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Primer sequences and characteristics of plastid DNA microsatellite loci in Pitcairnia spp., including locus name, plastid DNA region, primer sequences, repeat type, allele size range, and no. of alleles.
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Genetic variability at 15 microsatellite loci in P. staminea, P. albiflos, and their hybrids, including locus name, number of alleles (A), observed heterozygosity (H O ), expected heterozygosity (H E ), standardized measure of differentiation (G¢ ST ), fixation index (F ST ), total inbreeding coefficient (F IT ), and within-population inbreeding coefficient (F IS ).
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Analysis of Molecular Variance (AMOVA) based on nuclear microsatellite data for P. staminea and P. albiflos for two different hierarchical models. (A) species level. (B) geographical level (inland vs. coastal inselbergs). Percentages of variation in parentheses refer to models in which hybrids were nested with P. albiflos.
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Genetic divergence (F ST ; below diagonal) and gene flow (N e m; above diagonal) for pairs of populations of the inselberg bromeliads Pitcairnia albiflos and P. staminea and their hybrids. N e m = (1 ⁄ F ST ) 1) ⁄ 4.
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Locus-specific, bidirectional introgression rates between Pitcairnia albiflos and P. staminea on PAO population.
Fig. S1
Magnitude of DK from STRUCTURE analysis as a function of K (mean ± SD over 10 replicates), calculated following the DK method proposed by Evanno et al. (2005) , for Pitcairnia albiflos and P. staminea microsatellite data. 
